The dystrophin glycoprotein complex, which connects the cell membrane to the basement membrane, is essential for a variety of biological events, including maintenance of muscle integrity. An O-mannose-type GalNAc-β1,3-GlcNAc-β1,4-(phosphate-6)-Man structure of α-dystroglycan (α-DG), a subunit of the complex that is anchored to the cell membrane, interacts directly with laminin in the basement membrane. Reduced glycosylation of α-DG is linked to some types of inherited muscular dystrophy; consistent with this relationship, many disease-related mutations have been detected in genes involved in O-mannosyl glycan synthesis. Defects in protein O-linked mannose β1,2-N-acetylglucosaminyltransferase 1 (POMGnT1), a glycosyltransferase that participates in the formation of GlcNAc-β1,2-Man glycan, are causally related to muscle-eye-brain disease (MEB), a congenital muscular dystrophy, although the role of POMGnT1 in postphosphoryl modification of GalNAc-β1,3-GlcNAc-β1,4-(phosphate-6)-Man glycan remains elusive. Our crystal structures of POMGnT1 agreed with our previous results showing that the catalytic domain recognizes substrate O-mannosylated proteins via hydrophobic interactions with little sequence specificity. Unexpectedly, we found that the stem domain recognizes the β-linked GlcNAc of O-mannosyl glycan, an enzymatic product of POMGnT1. This interaction may recruit POMGnT1 to a specific site of α-DG to promote GlcNAc-β1,2-Man clustering and also may recruit other enzymes that interact with POMGnT1, e.g., fukutin, which is required for further modification of the GalNAc-β1,3-GlcNAc-β1,4-(phosphate-6)-Man glycan. On the basis of our findings, we propose a mechanism for the deficiency in postphosphoryl modification of the glycan observed in POMGnT1-KO mice and MEB patients. S1A ). Dystrophin binds to the actin cytoskeleton as well as to β-dystroglycan (β-DG), which forms a dystroglycan complex with α-dystroglycan (α-DG). α-DG is heavily glycosylated, and O-mannosyl glycans are essential for its ability to bind to several extracellular matrix components including laminin, agrin, and perlecan. Congenital muscular dystrophy (CMD) is a group of rare inherited neuromuscular disorders characterized by reduced glycosylation of α-DG. At present, 13 CMD genes are thought to be involved in the synthesis of O-mannosyl glycans on α-DG (1) . Mutations in the gene encoding protein O-linked mannose β1,2-N-acetylglucosaminyltransferase 1 (POMGnT1) were initially linked to a specific type of CMD, muscle-eye-brain disease (MEB).
Three types of O-mannosyl glycans are present on α-DG: cores M1, M2, and M3 (SI Appendix, Fig. S1B ). Core M1 consists of only β1,2-linked GlcNAc (GlcNAc-β1,2-Man), core M2 has branched β1,6-linked GlcNAc in addition to the core M1 structure [GlcNAc-β1,2-(GlcNAc-β1,6)-Man], and core M3 is initiated by β1,4-linked GlcNAc and is branched at the 6-position by phosphate [GalNAc-β1,3-GlcNAc-β1,4-(phosphate-6)-Man] (1, 2). The first mannose modification of α-DG, which is shared among the three types, is added by POMT1 and POMT2 in the endoplasmic reticulum (ER) (3) . In the cases of cores M1 and M2, POMGnT1 then catalyzes the transfer of GlcNAc to O-mannose of α-DG in the Golgi (4) . Core M1 forms clusters on α-DG by an unknown mechanism. In the formation of core M2, β1,6-GlcNAc branching is introduced in the Golgi by GnT-IX (Vb). Subsequently, a series of enzymes in the Golgi add galactose, fucose, glucuronic acid, neuraminic acid, and sulfate groups to M1 and M2 cores (1) .
Golgi by the addition of unidentified saccharide(s), and finally its terminus is modified by LARGE, which catalyzes the extension of a xylosyl-glucuronyl polysaccharide chain ([-β1,3-Xyl-α1,3-GlcA-] n , Xyl-GlcA repeat) (6) . The synthesized polysaccharide chain of core M3 on α-DG is required for its interaction with laminin and is known as the "IIH6 epitope" (7) . Recently, we identified that fukutin (FKTN) and fukutin-related protein (FKRP) are ribitol 5-phosphate transferases that form the tandem ribitol 5-phosphate structure on the 3-position of the GalNAc residue of the phosphorylated core M3 (8) . FKTN, FKRP, TMEM5, and B4GAT1, all of which have been linked to CMD, are thought to be involved in postphosphoryl modification. Although POMGnT1 does not catalyze any reactions involved in the formation or further modification of core M3, POMGnT1-KO mice and MEB patients lack the XylGlcA repeat on the O-mannosyl glycan of α-DG (1, 9, 10) . This observation suggests that POMGnT1 activity or its product core M1 plays regulatory roles in postphosphoryl modification on core M3 (SI Appendix, Fig. S1B ). Furthermore, FKTN forms a complex with POMGnT1 (11) , but the functional significance of this interaction remains elusive.
To elucidate the molecular mechanism by which POMGnT1 influences the maturation of core M3 and the synthesis of core M1, we solved the crystal structures of soluble POMGnT1. The resultant structures suggested that the stem domain binds carbohydrates, and biochemical analyses confirmed that this domain specifically binds β-linked GlcNAc and GalNAc-β1,3-GlcNAc-β-p-nitrophenyl (pNP). These results provide a reasonable explanation for two issues related to the formation of core M1 and modification of core M3. First, the interaction between the stem domain and β1,2-linked GlcNAc, a product of POMGnT1, seems to facilitate clustering of core M1. Second, the stem domain would recognize the core M3 structure in the Golgi. Together, these findings suggest that the POMGnT1-FKTN complex is important for postphosphoryl modifications of core M3 to form a platform that requires further glycosylation of the Xyl-GlcA repeat by LARGE.
Results
Overall Structure of POMGnT1. A soluble form of POMGnT1 (residues 92-660) was expressed in HEK293T cells, purified, and crystallized in two distinct crystal forms under different conditions (SI Appendix, Table S1 ). Crystallographic phases were determined by the iodide-single wavelength anomalous dispersion (SAD) method using an NaI-soaked P4 1 2 1 2 crystal. The P4 1 2 1 2 crystal contains one molecule in each asymmetrical unit, whereas the C222 1 crystal contains three molecules in each asymmetrical unit. The molecular structures obtained from the two crystal forms are nearly identical, with an rmsd value of ∼0.5 Å. Because the resolution of the C222 1 crystal structure was higher than that of the P4 1 2 1 2 crystal structure, here we describe the POMGnT1 structure by referring to chain A of the C222 1 crystal as the apo form structure (SI Appendix, Table S1 ).
Soluble POMGnT1 consists of a stem domain, a catalytic domain, and an extended linker region connecting the two domains (Fig. 1A) . The stem domain (residues 92-250) is composed of two stacked β-sheets and two α-helices. The fold resembles that of murine FAM3B [also known as PANDER (pancreatic-derived factor; PDB ID code 2YOQ) (12) ], whose amino acid sequence is 20.4% identical to that of the stem domain (SI Appendix, Figs. S2A and S3). Although FAM3B/PANDER has been shown to be involved in the regulation of glucose homeostasis, the molecular function of the protein remains elusive (13) . The rmsd value of Cα atoms between the two structures, determined using DaliLite (14) , is 1.7 Å. The T176P, S198R, and E223K mutations in POMGnT1 are present in congenital muscular dystrophy-dystroglycanopathy with brain and eye anomalies A3 (MDDGA3) (15) (16) (17) (18) . The Ser198 and Glu223 residues are located on the surface of the stem domain, and their side chains interact with each other via hydrogen bonds. Mutations at Ser198 or Glu223 are likely to disrupt these hydrogen bonds and destabilize the protein structure, thereby contributing to MDDGA3 pathology.
The catalytic domain comprises residues 300-646, and the region after Pro646 is disordered in the crystal ( Fig. 1 A and B) . The catalytic domain is composed of two structural motifs, a Rossmann-like fold (the N-lobe, residues 300-497) and an open sheet α/β structure (the C-lobe, residues 498-646), which are frequently found in nucleotide-binding proteins, including glycosyltransferases ( Fig. 1A and SI Appendix, Fig. S2B ). The overall structure of the catalytic domain of POMGnT1 is similar to that of rabbit GnT I [Protein Data Bank (PDB) ID code 1FOA], a member of the GT13 family in the CAZY database (19, 20) . The N-lobe structure is a common structure called the "SpsA GnT I core domain"; it is present in glycosyltransferases and is responsible for nucleotide binding (21) . The rmsd value of Cα atoms between the two proteins is 1.5 Å. A donor substrate analog, Mn 2+ -UDP, is bound to the putative active site of the N-lobe (Fig. 1B) . The fold of the C-lobe is same as that in GnT I, but the rmsd value is slightly larger (2.6 Å).
The linker region (residues 251-299) between the two domains is mostly extended but has one short α-helix (residues 260-270). The R265H and C269Y mutations in POMGnT1 are present in MDDGA3 patients (16) (17) (18) ; these residues are located on the helix and interact with a loop in the linker region. Specifically, Arg265 interacts with carbonyl atoms of Val278 and Thr285, and Cys269 forms a disulfide bond with Cys279; another disulfide bond is present between Cys254 and Cys281. These interactions likely help stabilize the tertiary structure. There are no direct interactions between the stem and catalytic domains; however, both domains contact the linker region: The interaction areas are 513.6 Å 2 for the stem domain and 925.7 Å 2 for the catalytic domain. Recently, Song's group (22) found that mislocalization of POMGnT1 to the ER occurred in clinically relevant mutations of POMGnT1: E223K, R265H, and C269Y. Our data show that all three residues are involved in the intraprotein interaction as described above. Thus, these mutations should affect the protein stabilization or folding and may induce POMGnT1 trapping by ER quality control, resulting in retention of the protein in the ER.
Mannosylated Peptide Recognition. Although the flexible loop (residues 505-518) is completely disordered in the apo form structure, it is structured to accommodate a nucleotide sugar in the Mn 2+ , UDP, and mannosylated peptide complex forms ( Fig. 1 B  and C) . The donor substrate-dependent ordering is also observed in the rabbit GnT I complex structure with UDP-GlcNAc or UDPGlcNAc derivative (19) . In the UDP-GlcNAc complex structure of GnT I (PDB ID code 1FOA), UDP-GlcNAc interacts with Arg117, Asp144, His194, Asp212, the main chain of Val321, and Ser322 via ionic interactions or hydrogen bonds. In addition, the 2-acetoamido methyl group of the GlcNAc moiety interacts with a small hydrophobic pocket formed by Leu269 and Leu311. The interactions with UDP are also observed in the Mn 2+ , UDP, and mannosylated peptide complex of POMGnT1. Thus, these residues are conserved structurally in POMGnT1, except for Glu394 and Asn507 (SI Appendix, Table S2 ). Glu394, corresponding to the x residue in the DxD motif of the glycosyltransferase, interacts with the O2′ atom of UDP, whereas Asp212 of GnT I, which corresponds to Glu394 of POMGnT1, interacts with the O2′ and O3′ atoms of UDP-GlcNAc (23) . Furthermore, it has been proposed that Asp291 is the catalytic base in GnT I (19) . Asp476 of POMGnT1, corresponding to Asp291 of GnT I, is also structurally conserved. Thus, GnT I and POMGnT1 share a common sugar-transfer mechanism of UDPGlcNAc, as suggested from the study of GnT I (19) .
In the mannosylated peptide complex, the mannose moiety and five residues of a mannosylated nonapeptide [Ac-AAPT(-α-Man) PVAAP-NH 2 ] could be modeled near the UDP-binding site ( Fig.  1 B and C) . The peptide-binding site consists of both the N-and C-lobes, including the flexible loop. Residues from Trp473 to Glu506 (in the N-lobe), from Asn507 to Phe512 (in the C-lobe), and from Trp600 to Arg605 (also in the C-lobe) contribute to the formation of the peptide-binding site. Asp474, Met477, Met481, Asn507, Phe512, and Trp600 engage in hydrophobic interactions with the peptide moiety. In addition, although the asymmetrical unit contains two molecules, the electron density of the stem domain in chain B was obscure, because this region does not interact with other molecules in the crystal structure. This lack of interaction also suggests the linker region is flexible.
Because Asn507 and Phe512 are disordered in the apo state, nucleotide binding may facilitate sugar acceptor binding, as suggested by Unligil and Rini (23) . On the other hand, the mannose moiety interacts with Arg605 in the C-lobe. The catalytic domain of POMGnT1 recognizes substrate peptide residues via hydrophobic interactions, and there are neither hydrogen bonds nor charged interactions between the peptide and the catalytic domain. The observation that mutant proteins of POMGnT1 (D474A, M481A, N507A, W600A, and W473A/M477A) exhibit no or low enzymatic activity confirms the importance of the hydrophobic interactions for catalysis ( Fig. 2A) .
Another mannosylated peptide is bound at the stem domain of POMGnT1 ( Fig. 1 B and D) . Arg129, Asp179, and Arg207 interact with this mannose moiety through hydrogen bonds. The carbonyl atoms of Pro3 and Ala7 also form hydrogen bonds with Arg207 and Tyr152, respectively. The other parts of the peptide moiety interact with Ser153, Phe183, His184, Trp206, Leu231, and Ser232. Because the interaction between the second mannosylated peptide and the neighboring protein molecule is likely to contribute to crystal packing, this binding may be a crystallographic artifact. However, because there are some ionic or hydrogen bonds between the mannose moiety and the stem domain via Arg129, Asp179, and Arg207, whose residues are conserved among mammalian POMGnT1 and also among FAM superfamily (SI Appendix, Fig. S3 ), the structure also suggests another condition in which the stem domain can recognize the mannose moiety. To test these two possibilities (crystal artifact vs. biological relevance), we analyzed the saccharide-binding capacity of the stem domain; the results are described in the next section.
Analysis of Saccharide Binding at the Stem Domain. We analyzed the affinity between the stem domain (residues 92-288) of POMGnT1 and a panel of saccharides by frontal affinity chromatography (FAC) (SI Appendix, Fig. S4 and Table S3 ) (24) . The stem domain specifically bound Glc-β-pNP, Man-β-pNP, and GlcNAc-β-pNP, with K d values of 0.19, 0.36, and 0.23 mM, respectively. However, no binding was detected for high-mannose, hybrid, agalactosylated (including GlcNAc-β1,2-Man-α1-type), galactosylated, or sialylated (Sia-α2,3-Gal-β1,4-GlcNAc-β1,2-Man-α1-type) N-glycans, glycolipid saccharides, or other glycans (SI Appendix, Fig. S4 ). Thus, the stem domain could bind only β-linked GlcNAc, but not high-molecularweight or complex sugar structures. Moreover, the stem domain could not bind GlcNAc-β1,3-Gal containing glycolipid-type saccharide (720, 721, and 724-734 in SI Appendix, Fig. S4 ), O-GalNAc-type sugar structures (Gal-β1,3-GalNAc; 911 in SI Appendix, Fig. S4 ), or polylactosamine glycans (902-906 in SI Appendix, Fig. S4 ).
Furthermore, surface plasmon resonance (SPR) analysis revealed that the K d values for Man-α-pNP and GlcNAc-α-pNP were more than 50 times larger than those for Man-β-pNP and GlcNAc-β-pNP, respectively (Table 1) . Therefore, the endogenous ligand of the stem domain must be a β-linked GlcNAc moiety, which is an enzymatic product of POMGnT1. These K d values suggested that the binding of α-linked mannose in the crystal is a crystallographic artifact.
We also examined the ability of the stem domain to bind mannosylated peptide (Man-O-peptide) and GlcNAc-β1,2-Man peptide (Table 1 and SI Appendix, Table S3 ), which are a substrate and product of POMGnT1, respectively. The results were similar to those obtained with pNP sugar derivatives. Mannosylated peptide did not bind to the stem domain, but GlcNAc- The results of our comprehensive binding analyses by FAC and SPR demonstrate that the stem domain can recognize β-linked monosaccharide structures. In the Golgi, both core M1 (GlcNAc-β1,2-Man-O-Ser/Thr) and core M3 [GalNAc-β1,3-GlcNAc-β1,4-(phosphate-6)-Man-O-Ser/Thr] structures are present. Therefore, we analyzed the affinity of the stem domain for GalNAc-β1,3-GlcNAc-β-pNP, which mimics the core M3 structure. The stem domain could bind to this saccharide derivative with a K d value of 0.8 mM but not to an isomer with an LacdiNAc structure, GalNAc-β1,4-GlcNAc-β-pNP (Table 1 ). This result suggests that the stem domain of POMGnT1 recognizes core M3 as well as its enzymatic product.
Crystal Structures of Stem Domain with Saccharides.
To analyze differences between α-and β-linked monosaccharides, we determined crystal structures of the stem domain (residues 92-250) in complex with its ligands. In these experiments, we used pNP-sugars (Man-α-pNP, Man-β-pNP, GlcNAc-α-pNP, GlcNAc-β-pNP, and GalNAc-β1,3-GlcNAc-β-pNP) and GlcNAc-β1,2-Man-peptide as ligands. The resultant crystal structures revealed that all pNP sugars bound at nearly identical sites on the stem domain, as observed in soluble POMGnT1, although the positions of the pNP groups differed slightly between the α-and β-linked pNP structures ( Fig. 3 A-D). In both α-and β-linked pNPs, the pNP groups interact with a hydrophobic hollow of the stem domain composed of Tyr152, Phe183, and Trp206; the interactions between the sugar moieties and the stem domain are almost identical. Arg129 interacts with O4 atoms, Asp179 with O4 and O6, and Arg207 with O5, O6, and O1 by ionic or hydrogen-bond interactions. The interaction between O1 and Arg207 is present only in β-linked pNP derivatives. This interaction effectively explains the observation that the stem domain binds β-linked sugar moieties more strongly than α-linked ones. Arg129, Asp179, and Arg207 are conserved within the FAM3 superfamily (SI Appendix, Fig. S3 ). FAM3B/PANDER is capable of disrupting insulin signaling and promoting increased hepatic glucose production (13) , although the underlying molecular mechanism has not been elucidated. Our findings suggest that members of the FAM3 superfamily, including PANDER, also have saccharidebinding ability.
The GlcNAc moiety of GlcNAc-β1,2-Man peptide, an enzymatic product of POMGnT1, also binds to the same site of the stem domain as pNP sugars (Fig. 3C) . The details of the interaction are similar to those of pNP sugar binding: Arg129 interacts with O4, Asp179 with O4 and O6, and Arg207 with O5, O6, and β-linked O1 atoms of GlcNAc. Additional interactions occur between the peptide moiety and the stem domain, including a hydrogen bond between the carbonyl atom of Pro3 and Tyr152 and a hydrophobic interaction between Pro5 and Phe183. In the GalNAc-β1,3-GlcNAc-β-pNP complex, the GlcNAc moiety interacts with the stem domain, as observed in the GlcNAc-β-pNP complex, but the GalNAc moiety engaged in no interactions with the stem domain (Fig. 3D ). This observation agrees closely with the results of the SPR analysis; i.e., there is little difference between GlcNAc-β1,2-Man-α-peptide and GalNAc-β1,3-GlcNAc-β-pNP (Table 1) .
To investigate further the functional importance of the observed interactions, we analyzed the glycosyltransferase activity of soluble POMGnT1 [residues 62-660, long construct (L)] in the presence of GlcNAc-pNPs. The results revealed that GlcNAc-pNP binding did not affect the activity even in the presence of 10 mM GlcNAc-β-pNP. Furthermore, we performed SPR analyses of the R129A and D179A mutants of the stem domain (residues 92-288); the R207A mutant of the stem domain (92-288) could not be prepared because of its instability in vitro. The R129A (92-288) and D179A (92-288) mutants had drastically reduced binding affinities for GlcNAc-β-pNP (Table 1) . Next, we examined the glycosyltransferase activities of these mutants in soluble form. The R129A (L) and R207A (L) mutants decreased the catalytic activity, whereas the D179A (L) mutant had no effect on catalysis ( Fig. 2A) . It is not clear why the glycosyltransferase activities of R129A (L) and D179A (L) mutants are so different from each other, although both the mutations diminish the saccharide-binding activity. We hypothesized that the stability of the stem domain affects the folding of the catalytic domain. Accordingly, we analyzed the thermal stability of the mutants (SI Appendix, Fig. S8 ). We found the R129A mutant stem domain (92-250) decreased the melting temperature (Tm) by 10.8°C relative to WT (92-250), whereas the melting temperature (Tm) of the D179A (residues 92-250) was comparable to that of the WT (92-250). These observations suggest that, consistent with our hypothesis, the stability rather than the saccharidebinding activity of the stem domain affects the glycosyltransferase activity of the catalytic domain.
Role of Carbohydrate-Binding Ability. To investigate the requirement for the stem and catalytic domains in postphosphoryl modification of core M3, we established POMGnT1-deficient cells by CRISPR/ Cas9 gene editing. Both the α-DG core protein and the IIH6 epitope (Xyl-GlcA repeat) were detected at about 120 kDa in the parental cells (HEK293; Fig. 2B ) (2, 25) . We confirmed the defect in the IIH6 epitope in POMGnT1-deficient cells (mock; Fig. 2B ). The expression of WT POMGnT1 and the W473A/M477A mutant rescued the IIH6 epitope and the molecular weight of α-DG (WT and W473A/M477A; Fig. 2B ). However, expression of the R129A 
, not detected; pNP., p-nitrophenyl. mutant did not rescue the IIH6 epitope or the molecular weight of α-DG (R129A; Fig. 2B ). Expression of the D179A mutant significantly increased the molecular weight of α-DG but did not fully rescue the reactivity of anti-IIH6 antibody (D179A; Fig. 2B ). This result indicates that the carbohydrate-binding activity of the stem domain, rather than the glycosyltransferase activity of the catalytic domain, is required for IIH6 epitope formation in vivo.
Discussion
We solved structures for two states of the catalytic domain of POMGnT1, the apo state and the Mn 2+ , UDP, and mannosylated peptide complex state. In both structures, the N-lobe of the catalytic domain has a typical glycosyltransferase fold that resembles those of other glycosyltransferases, including GnT I (SI Appendix, Fig. S2B ). However, the C-lobe of the catalytic domain is different from that of GnT I, potentially explaining the difference in substrate specificity between these two proteins. Among 15 disease-related mutations reported previously, six sites are located at the interface between the N-and C-lobes of the catalytic domain (SI Appendix, Fig. S5 ). Because the interface is somewhat distant from the active site, the mutant residues probably are not directly involved in the enzymatic machinery and instead may contribute to protein folding by connecting the N-and C-lobes. The interaction between substrate peptide and catalytic site is mediated mainly by hydrophobic interactions. These findings agree with the results of our previous studies demonstrating that the hydrophobic tendency is important for glycosyltransferase activity (26) . A recent study found that the O-mannosylation on protocadherins was not elongated with GlcNAc (27) . The mucin-like domain of α-DG has little secondary structure, whereas the O-mannosylation sites of protocadherins are located on the β-strand (28) . Based on such comparisons, we believe that POMGnT1 barely recognizes the β-stranded structure. In fact, the mannosylated peptide in our crystal structure had no secondary structure. However, further analysis is needed to determine the secondary structure specificity.
Several previous studies showed that O-mannosylation sites are clustered at the N-terminal region of the mucin-like domain (residues 313-485) in α-DG, even though this region contains weak glycosylation motifs (29) (30) (31) . Another study showed that Thr317, Thr319, and Thr379 of α-DG are glycosylated with the core M3-type structure (5) . The rest of the O-mannosylation sites (15 sites identified to date, including two that are modified with either O-Man or O-GalNAc) are thought to have core M1-type structures. Although the precise sugar structure of each O-mannosylated site remains unknown, glycomics analysis revealed that almost all sites are extended with β1,2-GlcNAc by POMGnT1 (32) . We found that the stem domain of POMGnT1 is a lectin with specificity for the β-linked GlcNAc moiety in O-mannosyl glycans, which is itself a product of POMGnT1. This binding of the stem domain would facilitate GlcNAcylation of neighboring (or nearby) O-mannose moieties (Fig. 4A) .
Our structural and biochemical analyses revealed that both the catalytic and stem domains interact with sugar moieties of the glycosylated peptide but do not recognize specific peptide sequences (except for the hydrophobic tendency noted above). The sugar-recognition mechanism of POMGnT1 is likely to facilitate the addition of GlcNAc to clustered O-mannose sites in α-DG. Many glycosyltransferases do not have such an additional lectin domain; one notable exception is the family of UDP-GalNAc:polypeptide α-N-acetylgalactosaminyltransferases (ppGalNAcTs). The domain organization of ppGalNAcTs is opposite that of POMGnT1; in these proteins, the C-terminal lectin domain is a β-trefoil fold also found in R-type lectins. The lectin domain binds GalNAc, a product of the catalytic domain of ppGalNAcTs, and modulates glycosylation of glycopeptide substrates (33, 34) . This mechanism resembles that of POMGnT1.
The proposed facilitation mechanism raises another question about how POMGnT1 determines the first site of β1,2-GlcNAcylation. We observed that the stem domain recognizes GalNAc-β1,3-GlcNAc-β-, which is part of the core M3 structure. The affinity of POMGnT1 for this structure is similar to its affinity for GlcNAc-β1,2-Man-α-peptide. We constructed a model structure of the stem domain and core M3 complex based on the crystal structures of the GalNAc-β1,3-GlcNAc-β-pNP, and GlcNAc-β1,2-Man-α-peptide complexes (Fig. 3E ). In this model, because the phosphorylated O6 atom of O-mannose is exposed to solvent, core M3-type mannosylated peptide may be recognized in a manner similar to that observed in the crystal structures of the complexes. Thus, if the stem domain of POMGnT1 could bind the core M3 structure in the cis-Golgi, this interaction would facilitate recognition of a neighboring β1,2-GlcNAc modification site.
An in vivo experiment using POMGnT1-deficient cells revealed that binding activity is required for formation of the IIH6 epitope (Fig. 2B) . Because the W473A/M477A mutant could rescue the 120-kDa IIH6 epitope, whereas the D179A and R129A mutants could not, the carbohydrate-binding ability of the stem domain, but not catalytic activity, was required for synthesis of the 120-kDa epitope. On the other hand, the IIH6-positive α-DG was partially detected in D179A mutant, suggesting that catalytic activity induced a low level of IIH6 epitope formation. This assumption was also supported by our detection of low levels of IIH6-positive α-DG in the R129A mutant, which has about 30% of WT enzyme activity and lacks carbohydrate-binding activity ( Fig. 2A and Table 1 ). Thus, through its catalytic activity, POMGnT1 overexpression can slightly compensate for IIH6-positive α-DG. Based on these results, we propose a model for the role of POMGnT1 in postphosphoryl modification of core M3 (Fig. 4B) . Because POMGnT1 forms a complex with FKTN in the cis-Golgi (11), FKTN is recruited to core M3 via the carbohydrate-binding activity of the stem domain of POMGnT1 and then initiates glycosylation related to the A B postphosphoryl modification (8) . It is noteworthy that LARGE overexpression can compensate for defects in the postphosphoryl modification pathway. LARGE overexpression produces hyperglycosylated α-DG, and the Xyl-GlcA repeat also forms on non-α-DG glycoprotein or N-glycans in POMT2-and POMGnT1-KO cells (35, 36) . Thus, the mechanism underlying compensation by LARGE overexpression may be mediated by a pathway other than that described in our model. Our finding that the stem domain recognizes core M3 helps explain why POMGnT1 mutations affect postphosphoryl modification of the core M3 structure. Moreover, this hypothesis explains why disease-related mutations on POMGnT1 affect postphosphoryl modification of the core M3 structure and diminish the laminin-binding ability of α-DG.
Methods
The secreted form of human POMGnT1 (residues 92-660) was cloned into pSecTag2/Hygro (Thermo Fisher Scientific) with a C-terminal HRV3C protease recognition sequence and a His-tag and was purified from stable HEK293T cell lines for crystallization. Stem domains of human POMGnT1
(residues 92-250 or 92-288) were cloned into pGEX-6P1 (GE Healthcare) and expressed in Escherichia coli BL21(DE3). Site-directed mutants were made by PCR-based site-directed mutagenesis. Additional descriptions of materials and methods used in the study are provided in SI Appendix, Materials and Methods. 
ACKNOWLEDGMENTS. We thank the beamline staffs of the

SI APPENDIX MATERIALS AND METHODS
Protein expression and purification
The soluble secreted form of human POMGnT1 (residues 92-660) was cloned into pSecTag2/Hygro (Thermo Fisher Scientific) with a C-terminal HRV3C protease recognition sequence and His-tag. HEK293T cells were transfected with the POMGnT1 plasmid to establish stably expressing cell lines. The soluble secreted form of POMGnT1 (residues 92-660) was purified as described by Xin et al. (1) . In order to purify the soluble secreted form of POMGnT1 for crystallization, we prepared a series of N-terminally truncated mutants of POMGnT1 according to secondary structure prediction based on the primary protein sequence. These mutants contained residues 66-660, 92-660, 204-660, 247-660, or 282-660. We tried to purify all mutants, but only succeeded in purifying and crystallizing POMGnT1 (92-660) from a stable HEK293T cell line. Stem domains of human POMGnT1 (residues 92-250 or 92-288) were cloned into pGEX-6P1 (GE Healthcare) and expressed in Escherichia coli BL21(DE3). Recombinant stem domain proteins were purified with glutathioneSepharose 4B (GE Healthcare) affinity chromatography, and the GST-tag was removed on the column with PreScission protease (GE Healthcare). The sample was passed through a mono Q column (GE Healthcare), and then loaded onto a Superdex75 column (GE Healthcare). The purified protein was concentrated to 15-30 mg/ml, frozen in liquid nitrogen, and stored at −80°C. Site-directed mutants were made by PCR-based site-directed mutagenesis.
2. Preparation of mannosylated or GlcNAc-b1,2-mannosylated peptide 1 H NMR spectra were recorded on a JEOL JMN-600 (600 MHz) spectrometer.
Mass numbers were determined by MALDI-TOF-MS using a Voyager® RP (PerSeptive Biosystems). Mass numbers were calculated as averages. MALDI-TOF-MS
was performed in positive-ion mode using a-cyano-4-hydroxycinnamic acid (a-CHCA) as a matrix. Column chromatography was performed on silica gel (Silica Gel 60; Kanto Chemical). RP-HPLC was performed on Inertsil ODS-3 (20 × 250 mm) (GL Sciences).
Solvent system: A, 0.1 % TFA in water; B, 0.1 % TFA in acetonitrile. Detection was at 214 nm. Flow rate was 10.0 mL/min. Mannosylated peptide was synthesized as described previously (2), and GlcNAc-β1,2-mannosylated peptide was prepared as follows.
N-(9-Fluorenylmethoxycarbonyl)-O-[2-acetamino-3,4,6-tri-O-acetyl-2-deoxy-β-D-gl ucopyranosyl]-(1→2)-(3,4,6-tri-O-acetyl-α-D-mannopyranosyl]-L-threonine benzyl ester (2)
A mixture of glycosyl imidate 1 (3) (209 mg, 0.27 mmol) and N-9-fluorenylmethoxycarbonyl-L-threonine benzyl ester (173 mg, 0.40 mmol) in CH 2 Cl 2 (4 mL) containing molecular sieves (4 Å; 0.3 g) was stirred at 0°C. After 30 min, TMSOTf (14 µL, 80 µmol) was added at 0°C, the mixture was stirred for 1 h at 0°C, and then the molecular sieves were removed by filtration through Celite, washing with EtOAc. The filtrate was washed with 1 M aq. HCl, sat. NaHCO 3 , brine, dried over anhydrous Na 2 SO 4 , and concentrated. The residue was purified by column chromatography (CH 3 Cl/MeOH 100:1) to yield 2 in 80% yield (225 mg, 0.22 mmol). X-ray diffraction data were collected at beamlines BL-1A, BL-17A, AR-NE3A (Photon Factory, KEK, Japan), BL32XU (SPring-8, Japan), and BL15A
(NSRRC, Taiwan). All datasets were processed using XDS (6) and scaled using aimless in the CCP4i package (7). Except for the apo form structure of POMGnT1, crystal structures were solved by molecular replacement method using Phaser (8) Structural alignments and comparisons between proteins were performed using DaliLite with the pairwise option (11).
Frontal affinity chromatography (FAC)
FAC analysis was performed as described previously (12) . Briefly, the stem When pNP sugar derivatives were used as analytes, 2% DMSO was added to the HBS-P buffer to improve solubility. The net response was calculated by subtracting the background response from the binding response. The results were analyzed using the Biacore T-200 Evaluation Software (GE Healthcare).
Assay for POMGnT1 activity
Secreted soluble forms of POMGnT1 were expressed in HEK293T cells.
HEK293T cells were maintained in Dulbecco's modified Eagle's medium (Thermo Fisher Scientific) supplemented with 10% fetal bovine serum (FBS), 2 mM L-glutamine, 100 U/ml penicillin, and 100 µg/ml streptomycin at 37°C under a 5% CO 2 atmosphere.
POMGnT1 expression plasmids were transfected into HEK293T cells using Lipofectamine 3000 (Thermo Fisher Scientific). Media were replaced with 10 ml fresh FBS-free Opti-MEM 2 days after transfection, and the cells were incubated for an additional 24 h. FBS-free culture supernatants were subjected to western blot analysis and assayed for POMGnT1 activity.
Proteins were separated by SDS-PAGE (10% gel) and transferred to a PVDF membrane. The membrane was blocked in PBS containing 5% skim milk and 0.1% Tween 20, incubated with anti-POMGnT1 C-terminus antibody (1), and subsequently incubated with anti-rabbit IgG conjugated with horseradish peroxidase (GE Healthcare).
Blots were developed using an ECL kit (GE Healthcare) (Fig. S6) . Purified POMGnT1 was used as a mass standard to determine the amount of each protein. Optical density measurement of the bands using the ImageJ software yielded a standard curve, which was used to calculate the concentration of each mutant protein.
POMGnT1 activity was calculated from the amount of Chemical). Peptide separation was monitored continuously at 214 nm, and the radioactivity of each fraction was measured using a liquid scintillation counter.
Circular dichroism analysis
Circular dichroism was recorded in a 1-mm quartz cell on a J-820 CD spectropolarimeter (JASCO). All data were collected with 0.5 mg/ml purified stem domains (residues 92-250) in 6.7 mM HEPES-NaOH (pH 7.5) and 50 mM NaCl. The thermal denaturation experiments were carried out from 20°C to 80°C with a rate of 1°C·min −1 . The midpoint temperature of the unfolding transition (T m ) was determined from van't Hoff analysis.
Model structure construction
The model of the complex between the stem domain and the ligand GalNAc-β1,3-GlcNAc-β1,4-(phosphate-6)-Man-O-peptide was constructed using the docking software Glide (13) (14) (15) (16) and Maestro (17) . The ligand was modeled using
Maestro, and the protonation state of the ligand was estimated using Epik (18) . For the receptor, the crystal structure of the stem domain in complex with
GalNAc-β1,3-GlcNAc-β−pNP was used. GalNAc-β1,3-GlcNAc-β−pNP was removed from the crystal structure, while the water molecules in the binding pocket were retained. Hydrogen atoms were added to the stem domain and water molecules, and the positions of the hydrogen atoms were optimized for hydrogen bonding. Then, GalNAc-β1,3-GlcNAc-β1,4-(phosphate-6)-Man-O-peptide was docked into the binding site of the stem domain using Glide. In the docking calculation, the docking poses of Expression plasmids for the transmembrane form of POMGnT1 (wild type (WT), R129A, R179A, and W473A/M477A) were transfected into >90% confluent POMGnT1-deficient cells using Lipofectamine 3000. To avoid overgrowth, the cells were subcultured to reduce their density to 70% at 24 h after transfection. The transfectants were cultured for 4 days, collected, and homogenized in 1 ml of 10 mM
Tris-HCl (pH 7.4) containing 1 mM EDTA, 250 mM sucrose, 1 mM dithiothreitol, and protease inhibitor cocktail (3 µg/ml pepstatin A, 1 µg/ml leupeptin, 1 mM benzamidine-HCl, and 1 mM PMSF). After centrifugation at 900 g for 10 min, the supernatant was subjected to ultracentrifugation at 100,000 g for 1 h. The precipitate (microsomal membrane fraction) was solubilized with 10 mM Tris-HCl (pH 7.4) containing 1% Triton X-100, 500 mM NaCl, and protease inhibitor cocktail. α-DG was enriched from the solubilized microsomal membrane fraction using wheat germ agglutinin (WGA)-agarose (J-OIL MILLS). IIH6 epitope synthesis was assayed by
Western blot analysis using IIH6 antibody and anti-α-DG core protein antibody (3D7)
as described previously (19, 20) .
SI APPENDIX FIGURE LEGENDS
Fig. S1. Dystrophin glycoprotein complex and POMGnT1
(A) Dystrophin glycoprotein complex. α-DG links extracellular matrix components such as laminin to β-DG, which binds to dystrophin, and thus to the actin cytoskeleton. 
Fig. S6. Expression of soluble form proteins of POMGnT1 mutants
The long (L, residues 62-660) and short (S, residues 248-660) constructs were expressed in HEK293T cells, fractionated by SDS-PAGE, transferred to PVDF membranes, and detected with an antibody against the POMGnT1 C-terminus.
Expression levels of the constructs were quantitated using ImageJ. Figure S3 (23). In POMGnT1 crystal structure, water molecules around the active site could not be modeled because of low resolution.
